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Amphioxus, as the closest living invertebrate relative of the vertebrates, can give insights into the evolutionary origin of the
vertebrate body plan. Therefore, to investigate the evolution of genetic mechanisms for establishing and patterning the
neuroectoderm, we cloned and determined the embryonic expression of two amphioxus transcription factors, AmphiSox1/
2/3 and AmphiNeurogenin. These genes are the earliest known markers for presumptive neuroectoderm in amphioxus. By
the early neurula stage, AmphiNeurogenin expression becomes restricted to two bilateral columns of segmentally arranged
neural plate cells, which probably include precursors of motor neurons. This is the earliest indication of segmentation in
the amphioxus nerve cord. Later, expression extends to dorsal cells in the nerve cord, which may include precursors of
sensory neurons. By the midneurula, AmphiSox1/2/3 expression becomes limited to the dorsal part of the forming neural
tube. These patterns resemble those of their vertebrate and Drosophila homologs. Taken together with the evolutionarily
conserved expression of the dorsoventral patterning genes, BMP2/4 and chordin, in nonneural and neural ectoderm,
espectively, of chordates and Drosophila, our results are consistent with the evolution of the chordate dorsal nerve cord
nd the insect ventral nerve cord from a longitudinal nerve cord in a common bilaterian ancestor. However, AmphiSox1/2/3
iffers from its vertebrate homologs in not being expressed outside the CNS, suggesting that additional roles for this gene
ave evolved in connection with gene duplication in the vertebrate lineage. In contrast, expression in the midgut of
mphiNeurogenin together with the gene encoding the insulin-like peptide suggests that amphioxus may have homologs
f vertebrate pancreatic islet cells, which express neurogenin3. In addition, AmphiNeurogenin, like its vertebrate and
rosophila homologs, is expressed in apparent precursors of epidermal chemosensory and possibly mechanosensory cells,
uggesting a common origin for protostome and deuterostome epidermal sensory cells in the ancestral bilaterian.
© 2000 Academic Press
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Comparisons of developmental gene expression patterns
between vertebrates and their closest living invertebrate
relative, amphioxus, have suggested that the genetic
mechanism for distinguishing neuro- and nonneuroecto-
derm in chordates evolved before the amphioxus/vertebrate
split (Holland and Holland, 1999). In the vertebrate gastrula,
secreted proteins from the organizer (e.g., follistatin, nog-
1 Contributed the work on AmphiSox1/2/3.18in, and chordin in Xenopus), bind to and inhibit the TGF-b
family members BMP2 and BMP4 to ensure a neural fate in
the dorsal ectoderm (Sasai and De Robertis, 1997; Wein-
stein and Hemmati-Brivanlou, 1997). In amphioxus, as in
vertebrates, BMP2/4 is expressed in the nonneural ecto-
derm of the gastrula, becoming down-regulated in the
neural plate (Panopoulou et al., 1998). In Drosophila as
well, the expression and function of decapentaplegic and
short gastrulation are similar to those of their respective
vertebrate homologs (BMP2/4 and chordin), suggesting an-
cient roles for these genes in dorsoventral patterning of0012-1606/00 $35.00
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19Amphioxus Presumptive Neural Plate Markersbilaterian organisms (Holley et al., 1995; Marque´s et al.,
1997). In contrast, the early molecular events downstream
of chordin/sog that establish neural fates in the neuroecto-
derm are less well understood (Streit and Stern, 1999).
In Xenopus, chordin, follistatin, and noggin secreted by
the organizer appear to act together with other factors in the
induction and maintenance of several early neuroectoder-
mal markers, including Sox2 and 3 (Mizuseki et al., 1998;
Streit et al., 1998). Expression of these markers together
with that of genes such as FGF leads to the initiation of
nerve cell differentiation. Genes in the Sox1/2/3 group are
Sry-related HMG box transcription factors most closely
related to Drosophila Dichaete (5fish-hook, 5Sox70D)
(Collignon et al., 1996; Nambu and Nambu, 1996; Russell
et al., 1996; Vriz et al., 1996; Penzel et al., 1997; Rex et al.,
1997; Sakai et al., 1997; Y. Ma et al., 1998). Vertebrate Sox2
is first expressed throughout the presumptive neuroecto-
derm of the very late blastula, turning on after chordin and
before the proneural gene neurogenin-1 (Xngnr-1), a ho-
molog of Drosophila tap (biparous) (Bush et al., 1996;
Gautier et al., 1997; Rex et al., 1997; Mizuseki et al., 1998;
Wood and Episkopou, 1999). neurogenins encode basic
helix-loop-helix (bHLH) transcription factors that bind to
E-box sequences of target genes (Gradwohl et al., 1996).
neurogenin-1 is first expressed in the vertebrate gastrula in
broad domains of presumptive neuroectoderm that give rise
to both neurons and nonneuronal cells (Ma et al., 1996,
1997; Blader, 1997; Korzh et al., 1998; Eisen, 1999). In
Drosophila, the Sox1/2/3 homolog Dichaete and the neu-
rogenin homolog tap (biparous) are also initially expressed
quite broadly in the neuroectoderm (Bush et al., 1996;
Nambu and Nambu, 1996; Russell et al., 1996). The rela-
tion between these genes and short gastrulation (sog) has
not been tested, although in sog mutants, expression of
several neuroectodermal markers is nearly normal (Jaz´win´-
ska et al., 1999).
To date, no markers of presumptive neuroectoderm have
been cloned from amphioxus, and it is not clear to what
extent gene networks acting downstream of chordin in the
neuroectoderm are conserved across major taxonomic
groups. To address this question, we have cloned and
determined the embryonic expression of amphioxus ho-
mologs of Sox1/2/3 and neurogenin. Amphioxus is
vertebrate-like, but genomically and structurally simpler.
Homologs of most vertebrate gene families are probably
represented in the amphioxus genome, but amphioxus has
not undergone the genome duplications that occurred early
in vertebrate evolution (Holland et al., 1994). Structurally,
amphioxus and vertebrates share features such as a dorsal
hollow nerve cord, notochord, muscular somites, and pha-
ryngeal gill slits. However, amphioxus lacks paired append-
ages, paired eyes, auditory organs, and a skeleton. Micro-
anatomical and genetic studies have suggested that the
amphioxus nerve cord contains regions comparable to the
vertebrate diencephalon and hindbrain and possibly the
anteriormost portion of the midbrain, although an isthmo-Copyright © 2000 by Academic Press. All rightcerebrellar region appears to be lacking (reviewed in Hol-
land and Holland, 1999).
Amphioxus embryology differs in some respects from
that of vertebrates. The blastula has but a single layer of
cells, gastrulation consists of a flattening and invagination
of one side of the blastula, and there is little involution of
cells around the lips of the blastopore (Zhang et al., 1997).
At the end of gastrulation as the neural plate forms, the
amphioxus embryo becomes more vertebrate-like. How-
ever, neural folds do not form; instead, the nonneural
ectoderm detaches from the edges of the open neural plate,
moves laterally over the neural plate, and fuses in the dorsal
midline. Only then do the lateral edges of the neural plate
curl up dorsally into the neural tube (Hirakow and Kajita,
1994; N. D. Holland et al., 1996). Nevertheless, despite
these differences, our results show that AmphiSox1/2/3 and
AmphiNeurogenin, like their vertebrate homologs, are
broadly expressed very early in presumptive neuroecto-
derm. Furthermore, expression of AmphiNeurogenin, like
that of vertebrate neurogenin-1, persists in a segmental
subset of neural plate cells in the presumptive hindbrain,
which probably includes presumptive motor neurons. Ex-
pression of Sox1/2/3 and neurogenin homologs in the de-
veloping CNS also appears to be somewhat conserved
between amphioxus and Drosophila. These results suggest
evolutionary conservation of genetic mechanisms for estab-
lishing the neural plate, for maintenance of neural fate, and
for neural induction in amphioxus and the vertebrates and,
to some extent, in Drosophila as well.
MATERIALS AND METHODS
Amphioxus Material
Adults of the Florida amphioxus (Branchiostoma floridae) were
collected from Old Tampa Bay, Florida. Genomic DNA was ex-
tracted in guanidinium isothiocyanate and purified as previously
described (L. Z. Holland et al., 1996). Ripe adults were electrically
stimulated to spawn in the laboratory, and embryos and larvae
were raised at 23°C (Holland and Holland, 1993).
Cloning
For amphioxus Sox genes, 250,000 clones of a cDNA library in
ambda ZAP II (Stratagene, Inc., La Jolla, CA) made from 5- to 18-h
mbryos of B. floridae were screened under moderate stringency
hybridization in 7.253 SSC, 0.24% SDS, 12.23 Denhardt’s at
60°C; washes in 13 SSC, 0.1% SDS at 60°C) with mixed probes for
two amphioxus Wnt genes—a 354-bp fragment of Wnt6 (Wnt-B;
Holland et al., 1994) and a 405-bp piece of Wnt 7A, which was
btained in screening a gridded cDNA library from 26-h embryos in
Sport1 (Gibco BRL, Inc., Rockville, MD) under moderately low
tringency with mixed probes for the amphioxus Wnt6 fragment
lus a 360-bp piece of amphioxus Wnt4 (Wnt-A; Holland et al.,
994). Two very weakly positive clones obtained corresponded to
ull-length cDNAs of the same Sox gene.
To isolate a 174-bp fragment of amphioxus neurogenin, PCR was
used with degenerate primers corresponding to the bHLH region of
mammalian helix-loop-helix transcription factors and genomic DNA
of B. floridae. The forward primer corresponded to the amino acids of reproduction in any form reserved.
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20 Holland et al.sequence 59-ANA(D,N)RERR(N,T)R, nucleotide sequence 59-
GCIAAC(T)G(A)C(A)IC(A)GIGAA(G)C(A)G(A,C)IC(A)G-39, and the
reverse primer to amino acid sequence NYIWALA(T,S)E, nucleotide
sequence 59-TCIC(G)C(T,A)IAG(A)IGCCCAT(G,A)ATG(A)TAG(A)-
TT-39 (I is inosine). PCR conditions were denaturation—93°C, 1 min;
annealing—45°C, 3 min; synthesis—72°C, 2 min. PCR products were
cloned, and one, corresponding to neurogenin, was used to screen a
cDNA library of 2- to 4-day larvae in Lambda ZAP II (Stratagene Inc.)
under conditions of medium stringency (hybridization in 23 SSC at
42°C).
Southern Blot Analysis
Sixteen 10-mg aliquots of genomic DNA were each digested with
a different restriction enzyme, subjected to electrophoresis, and
transferred to Hybond N1 (Amersham Life Sciences, Cleveland,
OH) according to L. Z. Holland et al. (1997). The Southern blot was
hybridized at low stringency (55°C) with a 447-bp EcoO109I/EcoRV
fragment of the AmphiSox1/2/3 cDNA located in the coding region
164 bp 39 of the HMG box. Washes were 23 20 min at 50°C in 23
SSC, 0.1% SDS. These conditions are comparable to those previ-
ously used for demonstrating the presence of two muscle actin
genes in amphioxus (Kusakabe et al., 1997). After being probed, the
blot was stripped in boiling 0.5% SDS and reprobed under identical
conditions with a 347-bp SmaI/SphI fragment of AmphiNeuroge-
nin, located 59 of the bHLH domain, overlapping the 59 end of the
HMG domain by 40 bp.
Electrophoretic Mobility Shift Assay (EMSA)
For expression of AmphiNeurogenin, a full-length cDNA was
cloned into the eukaryotic expression vector pcDNA3 (Invitrogen,
Inc., Carlsbad, CA). Amphioxus neurogenin protein was synthesized
in vitro using the TNT Quick Coupled Transcription/Translation
System (Promega, Inc., Madison, WI). The resulting translation prod-
uct was analyzed by SDS–polyacrylamide gel electrophoresis. EMSA
were carried out as described by Chiaramello et al. (1995a). Briefly, 3
ml of the translation product was incubated for 15 min at room
temperature in binding buffer (10 mM Tris–HCl, pH 7.5, 50 mM KCl,
0.1 mM EDTA, 1 mM dithiothreitol, 1 mM MgCl2, 5% glycerol) with
100 ng of poly(dI–dC) (Roche Molecular Biochemicals, Indianapolis,
IN) and 40 fmol of a 32P-labeled double-stranded oligonucleotide probe
orresponding to the E-box sequence of the rat p75 gene promoter.
omplementary single-stranded probes [59-GCATTGCCTTCACC-
CAGCTGCTCCCGCCCGC (E-box sequence is underlined)] were
synthesized, allowed to anneal, and labeled at the 39 recessed ends
with [a-32P]dCTP and the large fragment of DNA polymerase I
(Klenow). Unlabeled competitor DNA was prepared by annealing
complementary oligonucleotides. After incubation, the binding reac-
tion was subjected to electrophoresis on a 5% native polyacrylamide
gel. After electrophoresis the gel was dried and exposed to X-ray film.
Cell Culture, Transfection, CAT Assay, and in Situ
Hybridization
Transcriptional activity of AmphiNeurogenin was measured in
an in vitro cell culture system. The rat p75 promoter CAT
construct (1.4 CAT) (Metsis et al., 1992) and GAP-43 promoter
CAT construct (GXC; Chiaramello et al., 1996) were used as
reporter plasmids. Mouse neuroblastoma Neuro2A cells (ATCC)
were grown in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum (Gibco). Cells in 35-mm diameter dishes at
a density of 5 3 104 cells per dish were transfected with 5 mg of totalCopyright © 2000 by Academic Press. All rightplasmid DNA, via the calcium phosphate precipitation method.
The medium was changed to normal growth medium 16 h after
transfection. Cells were harvested 48 h later, and CAT assays were
performed as previously described (Chiaramello et al., 1995b).
Quantification of acetylation ratios was obtained by PhosphorIm-
ager (Molecular Dynamics, Sunnyvale, CA) analysis. To normalize
transfection efficiencies, cells were cotransfected with 0.5 mg of the
plasmid pRcRSVlacZ. All reported CAT activities were normalized
to total protein and lacZ activity. Values represent the means of at
least three independent transfections.
Embryos and larvae were fixed and processed for whole-mount in
situ hybridization by the method of L. Z. Holland et al. (1996).
Antisense riboprobes were synthesized from full-length cDNA
clones. Hybridized embryos and larvae were photographed as
whole mounts, counterstained with Ponceau S, embedded in plas-
tic, and sectioned at 3 mm.
Phylogenetic Analysis and Amino Acid Alignments
Phylogenetic trees were constructed heuristically with 100 ran-
dom stepwise additions (PAUP 3.1.1). Outgroups were mouse SRY
for Sox proteins and MATH-1 for neurogenins. Bootstrap values
were calculated in 1000 cycles with 10 random stepwise additions
per cycle. For the Sox tree, 13 proteins were used. Because of the
large number of amino acid identities in the HMG box among
different Sox proteins, it was necessary to base the tree on the
HMG box (80 characters) plus conserved regions C-terminal of the
HMG box (45 characters). Only one most parsimonious tree, which
had a length of 561, was retained. The tree of neurogenins is based
only on the 67 amino acids of the bHLH domain. The analysis
yielded a single tree with a length of 121. All sequences used and
their GenBank accession numbers are listed in the figure legends.
Amino acid alignments were performed with ClustalW (Baylor
College of Medicine) and manually adjusted.
RESULTS
Characterization of AmphiSox1/2/3
There are seven groups (A–G) in the vertebrate Sox gene
amily. Screening a cDNA with mixed probes for two Wnt
enes (405 and 354 bp long) yielded two identical clones
oding for an amphioxus Sox B group gene. Fortuitously, the
nucleotide sequence between bases 156 and 590 of this Sox
gene is 56% identical to the sequence of heterologous
probes used for screening (data not shown). Both Sox clones
are 1878 bp long, including an open reading frame of 735 bp
coding for a protein of 245 amino acids. The amino-
terminal half of the protein includes an HMG box of 79
amino acids characteristic of Sox proteins. The HMG box is
a DNA-binding domain, which resembles that in high-
mobility group nonhistone chromosomal proteins (Wegner,
1999). As Fig. 1 shows, the amphioxus Sox protein shares 7
of the 14 amino-terminal amino acids that are conserved in
the vertebrate Sox B group proteins Sox1, Sox2, and Sox3. In
addition, the HMG box shares 75% identities with chick
Sox1, 2, and 3 proteins. Several domains C-terminal to the
HMG domain, including the 12-amino-acid group B homol-
ogy domain adjacent to the HMG box, are also conserved
between the amphioxus Sox protein and the vertebrate
homologs. However, the C-terminal 54 amino acids, rich ins of reproduction in any form reserved.
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21Amphioxus Presumptive Neural Plate Markersproline (15.5%), serine (15.5%), and threonine (11%), sug-
gestive of a transactivation domain, are not conserved
between the amphioxus Sox B protein and the homologs of
other species. Furthermore, this region is over 40 amino
acids shorter in our amphioxus Sox protein than the corre-
sponding region in other species (Fig. 1).
Southern blot analysis demonstrates a single major band
with some enzymes, e.g., BglI, EcoRI, NcoI, XhoI (Fig. 2).
However, one or more fainter bands are present in all lanes
with major bands less than 10 kb. Some of these bands may
be due to a restriction site in an intron or to polymorphism,
which is very high in amphioxus. Since AmphiSox1/2/3 has
any identities with vertebrate Sox1/2/3 genes over the
egion of the probe (Fig. 1), we would expect the additional
ands to be quite intense if there were another AmphiSox1/
/3 homolog. It is most likely, therefore, that the fainter
ands are due to the recognition of a more distantly related
ox B class gene, e.g., homologs of sea urchin SoxB2 (Fig. 3)
r chick and human Sox14 and Sox21 (Malas et al., 1999)
r to unrelated genes like the Wnts; the AmphiSox1/2/3
DNAs were obtained by screening with Wnt4/6
robes, and sequence alignment of AmphiWnt4 and the
mphiSox1/2/3 probe used for the Southern blot demon-
trates 48% nucleotide identity.
FIG. 1. Amino acid alignment of Sox1/2/3 proteins. Double underlin
in addition to the HMG domain for constructing the phylogenetic tree
by light shading. Accession numbers are as in Fig. 3 except for chickCopyright © 2000 by Academic Press. All rightPhylogenetic analysis of the Sox B clade (Fig. 3) shows
hat the amphioxus Sox B protein is located at the base of
he vertebrate Sox1, Sox2, and Sox3 proteins. We, therefore,
ndicates the HMG domain. Single underlining indicates regions used
ig. 3. Identities are indicated by dark shading, conserved substitutions
(AB01802), chickSox2 (U12532), and chickSox3 (U12467).
FIG. 2. Genomic Southern blot analysis of pooled amphioxus
DNA. Numbers at top indicate digestion in 1, BamHI; 2, BglI; 3,
BstEII; 4, EcoO109I; 5, EcoRI; 6, BstXI; 7, HindIII; 8, KpnI; 9, PstI;
0, NotI; 11, NcoI; 12, PvuI; 13, SalI; 14, StuI; 15, XbaI; 16, XhoI.
lot probed under low stringency with a 447-bp EcoO109I, EcoRV
ragment of AmphiSox1/2/3 located in the coding region just 39 of
he HMG box. Molecular size standards in kilobases at left.ing is of reproduction in any form reserved.
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22 Holland et al.term this amphioxus gene AmphiSox1/2/3. This tree sug-
gests that the Sox1, Sox2, and Sox3 genes arose from gene
duplication in the vertebrate lineage. The analysis further
indicates that sea urchin SoxB1 is more closely related to
AmphiSox1/2/3 than is sea urchin SoxB2 and suggests that
these sea urchin genes arose from an independent gene
duplication within the echinoderm lineage.
Embryonic Expression of AmphiSox1/2/3
AmphiSox1/2/3 is a highly specific marker for presump-
tive neuroectoderm. Its expression is first detectable by in
itu hybridization in the early gastrula (cap-shaped stage) in
he dorsal epiblast, including the presumptive neuroecto-
erm (Figs. 4A and 4B). Expression remains uniformly
trong in the presumptive neuroectoderm throughout gas-
rulation (Figs. 4C–4E). Whether the expression domain
ncludes any cells in adjacent nonneural ectoderm at these
arly stages is not clear because of the lack of anatomical
arkers. However, at the onset of neurulation when the
eural plate flattens and becomes distinct from nonneural
ctoderm (Figs. 4F and 4G), it is evident that expression is
imited to neural ectoderm and is excluded from nonneural
ctoderm. As the edges of the neural plate curl dorsally,
xpression initially remains panneural (Figs. 4H and 4I).
ater, before the edges of the neural plate have fused
orsally, expression becomes down-regulated along the
FIG. 3. Phylogenetic tree of Sox1/2/3 proteins. Drosophila Dichae
ccession numbers are Drosophila Dichaete (X96419), sea urchin S
Sox3 (X94125), mouse SRY (AF070933), mouse Sox15 (AB014474),
and AmphiSox1/2/3 (AF271787).Copyright © 2000 by Academic Press. All rightidline and in the anterior part of the CNS (Figs. 4J–4L). At
he midneurula stage (Fig. 4M), expression is limited to the
xtreme posterior-dorsal portion of CNS and then ceases
ntirely. However, in much later larvae at the one- and
wo-gill-slit stages (2–5 days), prolonged staining revealed
xtremely weak expression in a few cells scattered in the
NS rostral to the pigment spot at the level of somite 5
data not shown). Expression was not detected in tissues
ther than neuroectoderm.
Characterization of AmphiNeurogenin
Of 52 clones obtained by amplification of genomic DNA
of B. floridae with degenerate primers to the bHLH region
nd sequenced, 14 corresponded to a 174-bp fragment of a
ingle amphioxus neurogenin gene. No other clones corre-
ponding to neurogenins were obtained. cDNA library
creening with the neurogenin fragment yielded four am-
hioxus neurogenin clones. The longest was 1240 bp, in-
luding the entire coding region but lacking the C-terminal
ortion of the 39 UTR. The gene codes for a protein of 255
a, including a bHLH region of 60 aa. C-terminal of the
HLH domain there are several proline, serine, and glycine
esidues conserved among the amphioxus, vertebrate, and
rosophila homologs (Fig. 5).
Southern blot analysis with a probe 59 of the bHLH region
eveals a single major band with most enzymes (Fig. 6). Two
sed as an outgroup. A single most parsimonious tree was obtained.
(AF157389), mouse Sox1 (X94126), mouse Sox2 (X94127), mouse
e Sox4 (S37303), mouse Sox17 (Q61473), mouse Sox10 (Q048880),te is u
oxB1
mouss of reproduction in any form reserved.
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23Amphioxus Presumptive Neural Plate Markersbands of equal intensity obtained with some enzymes, e.g.,
SalI and StuI, are probably due to polymorphism or to the
presence of introns. Thus, the amphioxus neurogenin gene
we cloned probably has no close relatives, a conclusion
supported by the results from PCR amplification of
genomic DNA with degenerate primers. Phylogenetic anal-
ysis shows that this gene is located at the base of the
vertebrate neurogenins (Fig. 7). We, therefore, term this
amphioxus gene AmphiNeurogenin. The tree indicates that
he vertebrate neurogenins arose from gene duplication in
the vertebrate lineage. In addition, Drosophila tap groups
FIG. 4. AmphiSox1/2/3 expression during development. For side a
view of an early gastrula with the blastopore opening away from vi
embryo. (B) Cross section of very early gastrula with blastopore ope
is in the dorsal epiblast (arrow). (C) Whole mount of midgastru
neuroectoderm) including the dorsal lip of the blastopore, openi
Expression is in the presumptive neuroectoderm. (E) Side view of la
(F) Same gastrula as in E in dorsal view showing expression in early n
expression throughout early neural plate. (H) Early neurula with
arrowhead in H showing expression in the neural plate but not in t
of an early to midneurula with expression in neural plate. (K) Dor
of the neural plate. (L) Optical cross section though level of arrowhe
(floor plate). (M) Side view of midneurula. Expression is down-regul
for whole mounts, 50 mm, and for cross sections (counterstained pCopyright © 2000 by Academic Press. All rightith the neurogenins and, thus, NeuroD and Neurogenin
vidently separated before the deuterostome/protostome
plit.
To examine the ability of AmphiNeurogenin to activate
ranscription from two promoters of neuronal genes that
ontain E-box sequences, rat p75 and GAP-43, transient
AT assays were performed with mouse neuroblastoma
euro2A cells. Cotransfection of an AmphiNeurogenin
xpression vector with a reporter plasmid resulted in sig-
ificant increases in CAT activity in transfected cells (Fig.
A), indicating that AmphiNeurogenin can act as a tran-
rsal views of whole mounts, anterior is to the left. (A) Animal pole
; expression is in the epiblast at the presumptive dorsal side of the
toward the right (approximate posterior end of embryo). Expression
dorsal view; expression is in the dorsal epiblast (presumptive
oward the right. (D) Cross section of midgastrula in side view.
strula/early neurula with expression throughout early neural plate.
l plate. (G) Cross section at the level of the arrowhead in F showing
ession limited to neural plate. (I) Cross section through level of
rsal epidermis (arrows) overgrowing the neural plate. (J) Side view
ew of neurula in J. Expression is becoming restricted to the edges
K. Expression is down-regulated in the midline of the neural plate
xcept in the most posterior region of the neural tube (arrow). Scale
25 mm.nd do
ewer
ning
la in
ng t
te ga
eura
expr
he do
sal vi
ad in
ated e
ink),s of reproduction in any form reserved.
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24 Holland et al.scriptional activator in mammalian cells. To determine if
AmphiNeurogenin can bind to E-box sequences and acti-
vate transcription we performed EMSA and transient CAT
assays. Binding of AmphiNeurogenin to an oligonucleotide
carrying the p75 gene promoter E-box (CAGCTG) produced
a shifted AmphiNeurogenin–DNA complex (Fig. 8B), sug-
gesting that AmphiNeurogenin functions as a DNA binding
protein.
FIG. 5. Amino acid alignment of neurogenin proteins. Single unde
in Fig. 7. Identities are indicated by dark shading, conserved subst
FIG. 6. The same Southern blot as in Fig. 2, stripped and reprobed
with a 347-bp SmaI, SphI fragment of AmphiNeurogenin located in
the coding region just 59 of the bHLH region. Restriction enzymes
numbered at top as in Fig. 2. Molecular size standards in kilobases
at left.Copyright © 2000 by Academic Press. All rightEmbryonic Expression of AmphiNeurogenin
Expression of AmphiNeurogenin is first detectable in the
ery early gastrula about the stage at which AmphiSox1/2/3
s first expressed (Figs. 9A and 9B). Expression is restricted
o the presumptive neural plate in a domain that largely
verlaps that of AmphiSox1/2/3; however, AmphiNeuroge-
in, unlike AmphiSox1/2/3, is not expressed in the dorsal
ip of the blastopore (Fig. 9B). As gastrulation proceeds,
xpression remains strong in the presumptive neural plate
Figs. 9C–9F). In the early neurula, while AmphiSox1/2/3 is
till uniformly expressed in the neural plate, AmphiNeuro-
enin becomes down-regulated in the future floor plate and
xpression begins to break up into transverse stripes (Figs.
G–9I). In addition, expression becomes down-regulated in
he anteriormost portion of the neural plate. By the mid-
eurula stage, expression in the CNS is in dorsolateral rows
f transverse stripes except in the cerebral vesicle and in the
osteriormost portion of the nerve cord (Figs. 9J–9L). There
s no expression in the floor plate. A dorsal view (Fig. 9K)
hows that cells strongly expressing AmphiNeurogenin are
n approximate register with somite boundaries; however,
here are two areas of strong expression on each side at the
evel of somite 2. In the late neurula (Fig. 9M), these stripes
f expression persist in dorsolateral cells of the nerve cord
Figs. 9N and 9O); in addition, expression has become
etectable in the ventral endoderm cells of the midgut (Figs.
M, arrowhead, and 9N). In embryos with an incipient
outh opening, expression in the nerve cord has been
ng indicates the bHLH, used for constructing the phylogenetic tree
ns by light shading. Accession numbers as in Fig. 7.rlini
itutios of reproduction in any form reserved.
25Amphioxus Presumptive Neural Plate Markerslargely down-regulated anteriorly and now occurs mostly
posterior to the primary pigment spot (Fig. 9P, arrow).
Expression in the midgut endoderm has expanded (Fig. 9P,
arrowhead), and new domains have appeared in a few dorsal
cells of the cerebral vesicle (Fig. 9Q, arrowhead) and in a few
epidermal cells that may be precursors of the ciliary tuft
cells, which differentiate just ventral to the mouth (Fig. 9Q,
arrow). At 2 days of development, expression continues in
the cerebral vesicle, in the neural tube posterior to the
primary pigment spot, and in the midgut endoderm, but is
down-regulated in the presumed ciliary tuft precursors.
However, expression is up-regulated in the rostral ectoderm
(Figs. 9R and 9S, tandem arrowheads). At 6 days of age, the
larvae have elongated considerably, and expression contin-
ues in the cerebral vesicle, in the nerve cord (in a few widely
spaced cells anteriorly and more closely spaced cells poste-
riorly), and in the midgut endoderm (Fig. 9T). In larvae more
than a week old, expression persists only in the endoderm
of the midgut, where it is both dorsal and ventral (Fig. 9T).
Expression in a subset of midgut cells continues at least
until metamorphosis (data not shown).
DISCUSSION
Structure, Function, and Evolution of Sox1/2/3 and
Neurogenin Genes
Vertebrate Sox1/2/3 proteins are transcriptional activa-
tors. The transactivation domain is serine, threonine, and
FIG. 7. Phylogenetic tree of neurogenin and neuroD proteins. The
1) is used as an outgroup. GenBank accession numbers are MATH
zebrafish NeuroD-1a (AF115772), mouse neurogenin-1 (U76207), m
Neurogenin-1 (AF036149), AmphiNeurogenin (AF271788), Drosopdistantly related bHLH protein MATH1 (mouse atonal-related protein
-1 (D43694), mouse NeuroD-1 (D83507), mouse NeuroD-2 (U58471),
ouse neurogenin-2 (U76207), mouse neurogenin-3 (U76208), zebrafish
hila Tap (O16867).Copyright © 2000 by Academic Press. All rightFIG. 8. (A) Transactivation potential of AmphiNeurogenin. Ampi-
Neurogenin stimulates activity of rat p75 and GAP-43 promoters in
Neuro2A cell line. Plasmids p75 CAT and GAP43 CAT were
transfected together with pRcCMV (control, C) or pRcCMV-
AmphiNeurogenin (A) into neuroblastoma Neuro2A cells. CAT
activities are corrected for transfection efficiency and expressed
relative to the value obtained by transfection of p75-CAT and
GAP-43-CAT promoter reporter plasmids and expression plasmid
pRcCMV. CAT activities are presented as means 6 standard
deviations and represent results of at least three independent
experiments. (B) Electrophoretic mobility shift assay showing bind-
ing of AmphiNeurogenin to the E-box sequence. 1, control; 2,
AmphiNeurogenin.s of reproduction in any form reserved.
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27Amphioxus Presumptive Neural Plate Markersproline rich and comprises the C-terminal 90 amino acids
(Kamachi et al., 1998; Uchikawa et al., 1999). The corre-
sponding domain of AmphiSox1/2/3 is also serine, proline,
and threonine rich (44%), including several regions with a
high percentage of identity to vertebrate Sox1, Sox2, and
Sox 3 sequences. Thus, although AmphiSox1/2/3 lacks 40
amino acids at its C-terminus compared to its vertebrate
and sea urchin homologs, its C-terminal region is also
probably a transactivation domain. Since this region in
vertebrate Sox1, but not Sox2, Sox3, or AmphiSox1/2/3,
also includes several stretches of alanine repeats, these
repeats probably evolved only in vertebrate Sox1.
Vertebrate Sox1/2/3 proteins typically bind to target
genes, such as Fgf-4, in concert with POU domain proteins
like Oct (Ambrosetti et al., 1997; Fraidenraich et al., 1998;
reviewed in Bianchi and Beltrame, 1998; Uchikawa et al.,
1999) and initiate pathways leading to expression of neuro-
genins (Mizuseki et al., 1998), which in turn results in
activation of a cascade of downstream bHLH factors, in-
cluding NeuroD, leading to neuronal differentiation (Q. Ma
et al., 1998). DNA-binding studies have shown that mouse
neurogenin-2 (MATH4A) can bind as a heterodimer with
the ubiquitous bHLH protein E12 to the insulin E-box
sequence (Gradwohl et al., 1996). Activation studies of
neurogenins have not been done; however, the related
NeuroD genes are transcriptional activators (McCormick et
al., 1996). Similarly, our results show that AmphiNeuroge-
nin can bind to E boxes and act as a transcriptional activator
in a mammalian cell culture system. Given the sequence
conservation between AmphiNeurogenin and vertebrate
FIG. 9. AmphiNeurogenin expression during development. For sid
pole view of a very early gastrula with blastopore opening away from
(B) Cross section of very early gastrula as in A with blastopore ope
in the presumptive neuroectoderm (arrow) except just anterior to
dorsal epiblast. Blastopore opens to the right. (D) Midgastrula in side
(arrowhead). (E) Dorsal view of midgastrula with expression in do
blastopore. (F) Gastrula in E viewed from the blastopore (approxima
early neurula with nearly closed blastopore (arrow). Expression is i
Expression is restricted to two rows of cells with a segmental arrang
through x in H showing the dorsal nonneural ectoderm (arrowhead
(presumptive floor plate) do not express the gene. (J) Side view of a
on either side of the floor plate. (K) Dorsal view of embryo in J. Seg
side of the midline in approximate register with the somites (num
the neural plate, which has been overgrown by the epidermis dorsal
Side view of late neurula with expression in the neural tube and in
in the nerve cord, but not the floor plate and in ventral endoderm
dorsolateral cells of the neural tube. (P) Side view of embryo with in
neural tube and in ventral endodermal cells of the midgut (arrowhe
Enlargement of the anterior end of an embryo with incipient mou
arrowhead) and in likely precursor cells of the ciliary tuft (arrow). (R
is in the neural tube, including the cerebral vesicle (single arrowhe
(S) Enlargement of the anterior end of a 2-day larva with expression
cerebral vesicle (single arrowhead). (T) Side view of a 6-day larva wi
midgut (inset) and in cells of the neural tube. Scale for whole mouCopyright © 2000 by Academic Press. All rightneurogenins, it is likely that the binding and activation
characteristics of vertebrate neurogenins are like those of
AmphiNeurogenin.
Southern blot and phylogenetic analyses suggest that
AmphiSox1/2/3 and AmphiNeurogenin are the amphioxus
homologs, respectively, of three vertebrate Sox1/2/3 genes
and three vertebrate neurogenin genes. Although the boot-
strap values for the neurogenin tree are low due to the high
percentage of identities in the bHLH region, the presence of
a single amphioxus neurogenin gene is additionally sup-
ported by the failure of PCR with degenerate primers to
amplify more than one neurogenin gene. Thus, the three
vertebrate homologs of each gene probably evolved by
duplication of a single gene in the common ancestor of
amphioxus and the vertebrates. This presumably reflects
the two rounds of genome duplication that occurred early in
vertebrate evolution (Holland et al., 1994). Unexpectedly,
however, the analyses show that Drosophila tap (biparous)
is more closely related to amphioxus and vertebrate neuro-
genins than it is to NeuroD. Until the discovery of tap
(Gautier et al., 1997), it was thought that Drosophila had no
close relative of neurogenin and NeuroD, the nearest rela-
tive being atonal, most closely related to vertebrate
MATH-1 (Akazawa et al., 1995; reviewed in Lee, 1997).
However, our tree shows that Drosophila tap groups with
neurogenins, not with NeuroD, suggesting that neurogenin
and NeuroD arose by gene duplication before the
deuterostome–protostome split. Thus, both amphioxus and
Drosophila may have homologs of NeuroD which have yet
to be discovered.
d dorsal views of whole mounts, anterior is to the left. (A) Animal
er; expression in the dorsal epiblast (presumptive neuroectoderm).
toward right (approximate posterior end of embryo). Expression is
blastopore. (C) Midgastrula in dorsal view with expression in the
. Expression is in the epiblast except just anterior to the blastopore
epiblast (presumptive neuroectoderm) except just anterior to the
sterior side). Expression is in dorsal epiblast. (G) Side view of very
anterior 7/8 of the neural plate. (H) Dorsal view of neurula in G.
nt on either side of the midline of the neural plate. (I) Cross section
ergrowing the neural plate; cells in the midline of the neural plate
ly/midneurula showing segmental expression in two rows of cells
al expression in cells (probable motor neuron precursors) on either
). (L) Cross section through x in K. Expression is at either side of
he notochord (n) is dorsal to the gut (g) and flanked by somites. (M)
midgut endoderm. (N) Cross section through x in M. Expression is
ls of the gut. (O) Cross section through y in M. Expression is in
nt mouth opening. Expression is in scattered groups of cells in the
he arrow indicates the primary pigment spot in the nerve cord. (Q)
pening; expression is in a few cells of the cerebral vesicle (single
view of 2-day larva with primary pigment spot (arrow). Expression
n midgut cells, and in the anterior epidermis (tandem arrowhead).
he anterior epidermis (tandem arrowhead) and in a few cells of the
imary pigment spot (arrow). Expression is in endoderm cells of the
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28 Holland et al.Conservation of Early Expression of Sox1/2/3
Genes and neurogenins in Amphioxus and
Vertebrates
AmphiSox1/2/3 and AmphiNeurogenin are the earliest
known markers for the presumptive neuroectoderm in
amphioxus, being up-regulated in the very early gastrula
as soon as the mesendoderm has invaginated. The
panneural expression of AmphiSox1/2/3 resembles that
of vertebrate Sox2. In vertebrates, initial expression of
Sox2 may be more extensive than presumptive neuroec-
toderm (Rex et al., 1997) and may be so in amphioxus.
The panneural expression of Sox1/2/3 genes was at first
thought to confer neural competence on ectoderm (Streit
et al., 1997). However, more recent evidence suggests
that it may modulate the responsiveness to additional
signals in cells which have gained neural competence but
are not yet committed to a neural fate (Mizuseki et al.,
1998; Pevny et al., 1998).
Although early expression of amphioxus and vertebrate
Sox1/2/3 genes are similar, initial expression of am-
phioxus and vertebrate neurogenins differ. The vertebrate
genes are never expressed throughout the entire anterior
7/8 of the dorsal epiblast. This difference, however, may
simply be quantitative, not qualitative. Although neuro-
genins were initially thought to be strictly neuronal
determination genes, acting downstream of Sox1/2/3
(Sommer et al., 1996; Fode et al., 1998; Q. Ma et al., 1998,
1999), at least in vertebrates, neurogenin-expressing cells
can be mitotic and biased toward, but not irreversibly
committed to, a neural fate (Ma et al., 1996; Blader et al.,
1997; Kim et al., 1997; Korzh et al., 1998). Similarly, in
amphioxus, since nonneuronal cells as well as neurons
differentiate anteriorly in the nerve cord (Lacalli et al.,
1994), the neuroectodermal cells initially expressing Am-
phiNeurogenin presumably differentiate into both cell
types.
In vertebrates, the number of cells expressing neuroge-
nin is regulated by lateral inhibition mediated by Notch/
Delta signaling. Consequently, overexpression of verte-
brate neurogenin outside the neural plate, where Notch/
Delta signaling does not operate, induces ectopic
neurons, while overexpression within the neural plate
can reduce the number of neurons (Ma et al., 1996; Blader
et al., 1997; Takke et al., 1999) evidently due to activa-
tion of Delta/Notch signaling (Takke et al., 1999). Thus,
the differences between amphioxus and vertebrates in the
percentage of cells initially expressing neurogenins in the
presumptive neuroectoderm may be due to differences in
levels of Delta/Notch signaling. Delta has not been
loned from amphioxus, but the expression of Amphi-
otch in presumptive neuroectoderm is complementary
o that of AmphiNeurogenin (our unpublished data),
uggesting that Notch/Delta signaling might be involved
n modulating the expression of AmphiNeurogenin in the
eural plate.Copyright © 2000 by Academic Press. All rightConservation of Expression of AmphiSox1/2/3 and
AmphiNeurogenin during Neurulation in
Amphioxus and Vertebrates
As neurulation begins, AmphiSox1/2/3 and AmphiNeu-
rogenin are both down-regulated in specific areas of the
neural plate. AmphiSox1/2/3 turns off in the midline,
becoming restricted to the edges of the neural plate, while
AmphiNeurogenin expression becomes restricted to cells in
two rows on either side of the midline. Within each row,
the pattern of expression is striped, indicating a segmental
organization in the very early neural plate. The striped
pattern extends posteriorly after the nerve cord has formed.
In later larvae, cells in the cerebral vesicle and several
domains outside the CNS also express the gene. In contrast,
expression of AmphiSox1/2/3 largely ceases at the four- to
five-somite stage, well before the neural tube closes dor-
sally, and it is not expressed in any other tissues during
development.
These expression patterns are similar to those of all three
of their respective vertebrate homologs considered together.
Vertebrate Sox1, Sox2, and Sox3 typically have overlapping
atterns of expression in the early vertebrate CNS and may
ave considerable functional redundancy (Collignon et al.,
996; Vriz et al., 1996; Rex et al., 1997; Sakai et al., 1997;
treit et al., 1997; Mizuseki et al., 1998; Pevny et al., 1998;
ygar et al., 1998; Uchikawa et al., 1999; Wood and
piskopou, 1999). Like AmphiSox1/2/3, the vertebrate
enes turn off ventrally in the floor plate (Penzel et al.,
997; Pevny et al., 1998; Zygar et al., 1998; Uchikawa et al.,
999; Wood and Episkopou, 1999). However, expression of
mphiSox1/2/3 in the dorsal part of the CNS ceases early
ompared to that of its vertebrate counterparts. The differ-
nce may be due to early differentiation of some neuronal
ell types in amphioxus. Amphioxus embryos display a
ositive phototropism as soon as they hatch at 10 h, and
erve cell bodies of the peripheral nervous system in
mphioxus have already begun to differentiate by the 8- to
0-somite stage (15–17 h), as shown by labeling with
nti-acetylated a-tubulin (Yasui et al., 1998). In addition,
the embryos begin muscular movements by 18–20 h (10–12
somites) (Stokes, 1997), indicating that motor neurons
differentiate relatively early.
While vertebrate Sox1/2/3 genes apparently become
own-regulated as cells cease dividing and embark on
ifferentiation pathways, neurogenins apparently turn off
in cells that have lost the competence to become neurons
and adopted nonneuronal fates. Although the function of
AmphiNeurogenin in vitro has not been determined, its in
vivo behavior and expression in the neural plate are similar
to those of its vertebrate counterparts. Thus, by compari-
son, the two rows of cells with a segmental organization
expressing AmphiNeurogenin in the neural plate are prob-
ably neuronal precursors. The pattern in 18-h embryos
strongly suggests that the most intensely expressing cells
are the dorsal compartment (DC) somatic motor neurons,
which have been mapped in late larvae by Lacalli and Kelly
(1999) and which express the motor neuron marker Islets of reproduction in any form reserved.
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29Amphioxus Presumptive Neural Plate Markers(Jackman et al., 2000). Like the most intensely labeled cells
in Fig. 5K, the DC cells are located in pairs that are
staggered left to right on either side of the floor plate. There
are two pairs in somite 2 and one pair per somite in 3, 4, and
5. The DC cells innervate the superficial muscle cells,
which are responsible for slow movement. The ventral
compartment somatic motor neurons are less segmentally
arranged and extend farther forward than the DC cells.
These may be the more weakly AmphiNeurogenin-
expressing cells visible in Fig. 5K.
In vertebrates, neurogenin is also one of the first tran-
scription factors expressed in prospective motor neurons
(Eisen, 1998, 1999). In addition, other genes, like islet, have
conserved expression in presumptive motor neurons in
amphioxus, vertebrates, and also Drosophila (Thor and
homas, 1997; reviewed in Eisen, 1998, 1999; Jackman et
l., 2000). Moreover, Sonic hedgehog (shh), which can
nduce neurogenin expression and is important for motor
euron formation (Blader et al., 1997; reviewed in Eisen,
998), is expressed in the floor plate and underlying noto-
hord in both amphioxus (Shimeld, 1999) and vertebrates.
evertheless, the expression of some downstream genes
iffers between amphioxus and vertebrates, suggesting that
ownstream genetic programs operating in motor neurons
ay differ between amphioxus and vertebrates. For ex-
mple, Nkx2.2 and Pax6 are expressed in subsets of motor
neurons in vertebrates (Eisen, 1998), but not in amphioxus
(Glardon et al., 1998; Holland et al., 1998).
Vertebrate neurogenins are also expressed in precursors of
sensory neurons and interneurons (Ma et al., 1996). Simi-
larly, AmphiNeurogenin is expressed in many dorsal cells
which are unlikely to be motor neurons (Figs. 5M–5O and
5R). Dorsal cells in the cerebral vesicle develop into the
lamellar body, a likely homolog of the pineal eye in verte-
brates, and neurons just posterior to it receive input from
the frontal photoreceptor (Lacalli, 1996). More posteriorly
are the photoreceptive Joseph cells (Welsch, 1968); Rhode
cells, apparently involved in swimming; and several types
of apparent sensory neurons, some similar to Rohon–Beard
cells in lamprey larvae (Bone, 1960). Since only the cerebral
vesicle and the motor neurons just posterior to it have been
mapped in detail (Lacalli et al., 1994; Lacalli, 1996; Lacalli
and Kelly, 1999), many of the AmphiNeurogenin-expressing
cells cannot be correlated with particular cell types.
Expression of Sox1/2/3 and neurogenins
outside the CNS
Unlike vertebrate Sox1/2/3 genes, AmphiSox1/2/3 is not
expressed outside the amphioxus CNS during embryogen-
esis. Vertebrate Sox1/2/3 genes are expressed in some
tissues with likely amphioxus counterparts, including the
endoderm of the gut, branchial arches, nasal epithelium,
and gonad (Collignon et al., 1996; Uwanogo et al., 1995;
Ishii et al., 1998; Uchikawa et al., 1999; Wood et al., 1999).
We did not determine AmphiSox1/2/3 expression in am-
phioxus gonads since they do not develop until after meta-
morphosis. In addition, vertebrate Sox1/2/3 genes are ex-Copyright © 2000 by Academic Press. All rightpressed in tissues for which amphioxus apparently lacks a
counterpart, such as the lens and retina, the otic placode,
and several neural crest derivatives (vertebrate Sox1/2/3
genes are not expressed in migrating neural crest) (Vriz et
al., 1996; Zygar et al., 1998; Uchikawa et al., 1999; Wood
and Episkopou, 1999).
The Drosophila Sox1/2/3 homolog Dichaete is also ex-
pressed outside the CNS, where it is involved in segmenta-
tion, regulating pair-rule genes (Nambu and Nambu, 1996;
Russell et al., 1996; Y. Ma et al., 1998). In contrast, neither
amphioxus nor vertebrate Sox1/2/3 genes are segmentally
expressed in any tissue. Thus, the extraneural expression
domains of Dichaete and vertebrate Sox1/2/3 genes do not
appear comparable. Sea urchins also express SoxB1 in the
larval ectoderm (Kenny et al., 1999); however, this expres-
sion seems more comparable to expression of amphioxus
and vertebrate homologs in the dorsal presumptive neuro-
ectoderm than to expression outside the CNS (see below).
Thus, expression of vertebrate Sox1/2/3 homologs outside
the CNS may signify new functions for these genes.
Unlike Sox1/2/3 genes, vertebrate neurogenins are ex-
pressed in migrating neural crest cells, as well as in epi-
branchial placodes and cranial sensory ganglia (Sommer et
al., 1996; Anderson et al., 1997; Q. Ma et al., 1998, 1999;
Perez et al., 1999). In contrast, AmphiNeurogenin is not
expressed outside the CNS in a pattern suggestive of mi-
grating neural crest or neural crest derivatives. Although
amphioxus appears to have an evolutionary precursor of
neural crest in the cells at the edges of the neural plate and
adjacent nonneural ectoderm (reviewed in Baker and
Bronner-Fraser, 1997), cells in that region do not appear to
migrate as individuals (N. D. Holland et al., 1996; reviewed
in Holland and Holland, 1999). In contrast, neurogenins are
expressed in epidermal chemosensory tissues not only in
vertebrates but also in amphioxus and Drosophila. For
example, both the timing and the expression of AmphiNeu-
rogenin and AmphiPax6 (but not, as noted above,
AmphiSox1/2/3) in the anterior epidermis, which may be
chemosensory (Baatrup, 1981; Lacalli et al., 1999a), are
similar to those of their vertebrate homologs in the olfac-
tory epithelium (Cau et al., 1997; Glardon et al., 1998).
AmphiNeurogenin is also probably expressed in precursor
cells of the ciliary tuft, near the mouth, for which a sensory
function has been proposed (Stokes and Holland, 1995;
Lacalli et al., 1999b), while tap, the Drosophila neurogenin
homolog, is expressed in chemosensory organs (Gautier et
al., 1997; Ledent et al., 1998). These comparisons suggest an
inheritance of an ancient and conserved program for differ-
entiation of chemosensory cells in chordates and arthro-
pods.
In addition, expression of AmphiNeurogenin and the
amphioxus insulin-like peptide (P. W. H. Holland et al.,
1997; L. Z. Holland and S. Chan, unpublished) suggests that
cells in the middle region of the simple tubular gut of
amphioxus may be homologous to the pancreatic islet cells
of vertebrates, which express insulin and neurogenin3
(Sommer et al., 1996; Apelqvist, 1999). However, the Dro-s of reproduction in any form reserved.
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30 Holland et al.sophila neurogenin homolog, tap, is apparently not ex-
pressed in the gut and its derivatives (Gautier et al., 1997;
Sommer et al., 1996), suggesting that new roles for neuro-
genins in gut development may have evolved within the
chordates.
Sox1/2/3 and neurogenin Genes: Insights into
Evolution of Bilaterian Nervous Systems
It is now generally accepted that the genetic mechanism
involving antagonism of BMP2/4/dpp by chordin/sog for
distinguishing neuroectoderm and nonneural ectoderm is
evolutionarily conserved in Drosophila and vertebrates.
The present study shows that expression of two genes
(Sox1/2/3 and neurogenin) with very early roles in the
presumptive neuroectoderm is conserved between am-
phioxus and vertebrates and to some extent between am-
phioxus and Drosophila as well (Bush et al., 1996; Nambu
and Nambu, 1996; Russell et al., 1996; Q. Ma et al., 1998).
Factors controlling expression of Sox1/2/3 homologs in
mphioxus and Drosophila have not been determined.
owever, in vertebrates, Sox2 transcription is up-regulated
y chordin and suppressed by BMP4 (Sasai et al., 1995;
izuseki et al., 1998; reviewed in Chitnis, 1999). Even in
ea urchins, which are nonchordate deuterostomes without
neural plate, Sox1/2/3 and BMP2/4 homologs appear to
lay roles in axial patterning (Angerer and Angerer, 1999,
000; Kenny et al., 1999).
In vertebrates, neurogenin appears to be not far down-
tream of Sox1/2/3. In amphioxus the two genes are coex-
ressed in most cells of the presumptive neuroectoderm. In
ertebrates, Sox1/2/3 homologs cooperate with partners
ike Oct3 in activating genes such as FGF which in turn can
nduce expression of neurogenin-1 and nerve cell differen-
iation (Vriz et al., 1996; Ambrosetti et al., 1997; Mizuseki
t al., 1998; Streit et al., 1998). Correspondingly, the Dro-
ophila Sox1/2/3 homolog Dichaete also appears to func-
ion in nerve cell induction (Nambu and Nambu, 1996).
hus, it seems likely that in the presumptive neuroecto-
erm, genetic pathways leading from chordin to Sox1/2/3
nd thence to neurogenin predate the deuterostome–
rotostome split. In contrast, expression of some genes in
resumptive neuroectoderm is not conserved between Dro-
ophila and vertebrates. For example, neural expression
atterns of Snail and Distalless are similar in vertebrates
nd amphioxus (N. D. Holland et al., 1996; Langeland et al.,
998), but not in Drosophila (Mann, 1994). Moreover, while
icR-1 is induced by chordin and coexpressed with Sox2 in
he vertebrate neuroectoderm, its Drosophila homolog,
dd-paired, is a segmentation gene, which influences ex-
ression of genes such as en and wg involved in specifying
euroblast identity in each segment (Benedyk et al., 1994;
atkata et al., 1997; Bhat, 1999). Zic/odd-paired homologs
ave not been cloned from amphioxus, but neither Wnt nor
ngrailed genes are segmentally expressed in the nerve cord
L. Z. Holland et al., 1997; Schubert et al., 2000). Thus,
hile the present research helps to address the question
aised by Bier (1997) as to what degree conserved versusCopyright © 2000 by Academic Press. All rightrganism-specific pathways are involved in the first steps of
eurogenesis, a more thorough comparison of the expres-
ion and function of genes in presumptive neuroectoderm
n amphioxus and other nonmodel systems is in order.
In summary, expression of Sox1/2/3 and neurogenin in
he CNS appears to be highly conserved in evolution.
ogether with the evolutionary conservation of genetic
athways involving BMP2/4 and chordin for distinguishing
eural from nonneural ectoderm, these results lend addi-
ional support to the idea that the dorsal nerve cord of
hordates and the ventral nerve cord of insects are homolo-
ous structures that evolved from the nerve cord of an
ncestral bilaterian (Holley et al., 1995; Schmidt et al.,
995; De Robertis and Sasai, 1996; Arendt and Nu¨bler-Jung,
997).
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